Abstract. Walking motion is actually a complex activity since it involves many body parts, especially the lower limb. Due to the needs for gait analysis in many medical applications, Biomechanics Research Team at ITB has developed an affordable optical motion analyzer to measure motions of subject walking over ground. However, the needs for multicycles gait data is better met by measuring subjects walking on treadmill. This paper discusses the modification of the developed motion analyzer to accommodate data acquisition of subject walking on treadmill, including those of transfemoral amputees. Seven markers, two 95 fps cameras, a dual-channel Camera Link Acquisition NI PCIe-1430 frame grabber, and a workstation are employed in the optical motion analyzer system. The speed displayed on the treadmill is evaluated. Additional equipment such as the modified hydraulic engine crane and the body harness are introduced to ensure the safety of amputees and avoid the risk of falling down while walking on the treadmill. The modified motion analyzer system is then used to obtain gait parameters of normal (37 males and 31 females) and three amputee subjects. The gait parameters of normal subjects in the treadmill walking shows that there is a decrease in the stride length and range of motion, and increase in the cadence due to walking adaptation. There are also phase shifting and increase in the range of motion for amputee subjects compared to the normal subjects which imply that there is an extra work done by the residual limb in doing walking movement and the amputee subjects try to balance their walking on the treadmill.
Introduction
In the daily life, walking is the most common activity. Walking movement is actually a complex activity since it involves many body parts, especially the lower limb. Therefore, the walking movement or gait analysis is required to find the gait parameters, such as spatio-temporal, kinematics and kinetics parameters. The gait parameters are very useful in the medical application. There are some abnormalities that could be diagnosed by gait analysis, i.e. scoliosis [1] , varus/valgus knee deformity [2] , asymmetrical of body part [3] , and nerve damage due to diabetes [4] .
Due to the many needs of the gait analysis in medical applications, Biomechanics Research Team at the Faculty of Mechanical and Aerospace Engineering of Institut Teknologi Bandung (FMAE -ITB) has developed an affordable optical motion analyzer starting from two-dimensional (2D) system in 2008 to 2010 [5] . Then, the developed 2D motion analyzer system was used to collect Indonesian normal gait database in 2011 [6] . In order to obtain more complete gait parameters, the motion analyzer was further developed to three-dimensional (3D) system in 2011 -2013 [7, 8] . The 3D motion analyzer system was then used for gait analysis of subject with scoliosis in 2014 -2015 [9] . One of the disadvantages of the developed 3D motion analyzer system is the subject has to walk on the ground. Thus, the motion analyzer system could not be used for gait analysis that require many walking cycles due to limited capture area of camera.
One of the ways to solve this problem is to use treadmill as the walking path [10] . Therefore, this paper presents the modification of the developed motion analyzer to accommodate the use of treadmill [11] .
Beside the modification of the motion analyzer system, this study is also extended to its application in obtaining gait parameters of amputee subjects since the gait parameters of amputees are useful in the prosthetic development [12] . Prior to its application for amputees, the protocol and procedure of obtaining gait data is required since amputees are more likely fall down while they are walking. Therefore, the arrangement of protocol and procedure of gait analysis for amputees become an additional purpose of this study [13] .
Methodology
The motion analyzer system in the previous study [8] used two cameras that were connected to the frame grabber in the workstation. The cameras used in the system were Sentech STC-CLC33A with the speed 95 frames per second. The frame grabber employed in the system were Dual-channel Camera Link Acquisition NI PCIe-1430. Both cameras and frame grabber is still being used in this study. The difference of present system with the previous one is the walking path. Richter Axiom ® treadmill is used in the present study as the walking path. This treadmill has the speed range from 1 km/jam to 13 km/jam and inclination range 1 -12%. All the equipment used in this study are arranged as shown in the Figure 1 .
Since the developed system is also used for lower extremities amputee subject, the additional equipment for safety which is modification of hydraulic engine crank is included to the system which is shown in the Figure 2a . The hydraulic engine crank is modified in the arm and crank part. The arm is extended to the middle of the treadmill. Then, the crank is modified to be able attach the body harness (see Figure 2b ). In the data acquisition, the body of amputee subject is supported by the body harness to reduce the risk of falling down. Prior to data acquisition by cameras, seven active LED markers are attached on the metatarsal head, malleolus, calf, knee, femoral, hip, and Anterior Superior Iliac Spine (ASIS) of one-side foot based on the Kit Vaughan marker configuration [14] . Figure 3 presents the attached marker on the subject. This marker placement is also applied for the amputee subject.
Figure 3
The marker placement on the metatarsal head (p1), malleolus (p2), calf (p3), knee (p4), femoral (p5), hip (p6), and ASIS (p7) Figure 4 The marker placement on the belt of treadmill
In the development of motion analyzer system with treadmill, the velocity of treadmill shown in the treadmill display should be evaluated. In the velocity evaluation, the length of treadmill belt was measured by the help of tape, as indicated in the Figure 4 . As the result, the length of the belt was 2.7 meter. To measure the belt speed, a white tape marker was attached on the belt and the treadmill was operated in the certain speed. Then, the movement of the marker was recorded by a 95-fps camera to get the time for one cycle marker movement. By calculating the number of frames in one cycle, the period and speed of belt is obtained. The result shows that the speed displayed on the treadmill is similar with the measured speed.
Since treadmill is used in the present system, the marker trajectory recorded by cameras will be in the cycle diagram. However, it is difficult to determine the gait parameter, especially the parameter which is related to the walking direction (xaxis). Therefore, the marker trajectory is transformed by Equation 1 as below:
where x i,new denotes the marker position in the x-axis for i-th frame, x i,treadmill is the marker position in x-axis on the treadmill walking recorded by cameras for ith frame, v treadmill and v camera denotes the speed of the treadmill in km/hour and cameras in frames per second, respectively.
Figure 5
The measurement of anthropometric data [14] In general, the procedure of data acquisition is selecting the subjects based on their medical history, giving the details about the purpose and procedure of data acquisition, preparing the data acquisition, recording the marker motion, measuring the anthropometric data, and processing the data. The anthropometric data to be measured is the body weight, height, and the body parameters described in the Figure 5 . For the amputee subjects, there are several additional required data, such as amputation level, amputation cause, walking aid other than prosthetic, design of structure (exoskeleton or endoskeleton), socket type, suspension type, and prosthetic type [15] . The present system and data acquisition procedure is then employed to obtain the gait parameters from 37 male and 31 female subjects who do not have any abnormality. The gait parameters from three male amputee subjects are also measured to compare with the gait parameters of the normal subjects. All the amputee subjects have the trans-femoral amputation which is caused by train and motorcycle accident, and congenital condition. The amputee subject 1 and 2 have their left foot amputated. Then, the right foot of amputee subject 3 was amputated. Table 1 summarizes the anthropometric data of the subjects. The anthropometric data of amputee subjects are measured on their sound foot.
In the data acquisition, all the subjects walk on the treadmill with their comfortable speed. The markers attached on the right foot of normal subjects. However, since the walking pattern of sound and prosthetic foot may be different, there are two data acquisitions for the amputee subjects, i.e. when the markers are attached on the sound foot and on the prosthetic foot.
Result and Discussion
Based on the marker trajectory that has been transformed using Equation 1, the spatio-temporal of the subjects could be obtained. Table 2 presents the spatiotemporal parameters of the normal and amputee subjects. The parameters of over ground walking from the study conducted by Chandra et al. [8] is used as a comparison. Note that the parameters on the sound and prosthetic foot of amputee are obtained when the markers are attached on the sound and prosthetic foot of amputee subjects, respectively. As shown in the Table 2 , there is decrease in the stride length of the normal female subjects from the over ground walking to the treadmill walking. Moreover, the cadence in the walking movement is increasing while the subjects are walking on the treadmill. The change of the cadence and stride length of subjects possibly due to the walking adaptation of the subjects on the treadmill. As the result, they tend to increase their stride length and decrease their cadence.
The adjustment of the walking movement of amputee subjects could be also observed in Table 2 . The amputees tend to shorten their stride length and slow down their cadence. As the result, the walking speed of amputees is slower than the walking speed of the normal subjects. Furthermore, the cadence of sound foot is slower than that of prosthetic foot. This result shows that the amputees tend to use their sound foot to support their body in the stance phase of walking. Therefore, the cycle time of sound foot is shorter than the cycle time of prosthetic foot.
Beside the spatio-temporal parameters, the effect of using treadmill in the kinematic parameters is also evaluated. Figure 6 presents the hip angle for the treadmill and over ground walking. The hip angle shows that the subjects who walk on the treadmill and on the ground, have similar pattern of hip angle. However, the range of hip motion in the treadmill walking is smaller than that in the over ground walking. This result is due to the subjects in the treadmill walking tend to shorten their step on the moving belt [16] . Similar to the spatio-temporal parameter, the kinematic parameters between normal and amputee subjects is also different, as shown in Figure 7 . and prosthetic foot is different. Moreover, the prosthetic foot tends to have larger range of motion than the normal foot. This fact shows that the amputee subjects try to balance their walking on the treadmill. 
Conclusion
This paper presents the modification of motion analyzer system developed by Biomechanics Research Team of ITB. The walking path in the previous system was the over ground walking. Then, the system is modified to the treadmill walking. Therefore, the modification of the system includes the transformation of the marker trajectory. Moreover, the system is modified also to be able used by amputee subjects. For that purpose, several additional safety equipment are included into the system, such as the modified hydraulic engine crane and the body harness. Prior to data acquisition, the speed of treadmill is confirmed. The modified motion analyzer system is then used to obtain the gait parameter of normal (37 males and 31 females) and three amputee subjects. Then, the gait parameters of normal subjects on the treadmill walking are evaluated and found that there is decrease in the stride length and increase in the cadence. The change of the cadence and stride length of subjects possibly due to the walking adaptation of the subjects on the treadmill. Besides, the range of hip motion in the treadmill walking of normal subjects is smaller than that in the over ground walking. This result is due to the subjects in the treadmill walking tend to shorten their step on the moving belt. The gait parameters of amputee subjects in the treadmill walking shows that the amputees tend to use their sound foot to support their body in the stance phase of walking. Moreover, the phase shifting and increase in their range of motion of hip angle implies that there is an extra work done by the residual limb in doing walking movement and the amputee subjects try to balance their walking on the treadmill.
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